Abstract-A study was conducted to determine the effect of nonaqueous-phase liquids (NAPLs) on the bioavailability of benzo[a]pyrene (BaP) in soil. Sentry 19 oil and pristane reduced the availability of BaP for assimilation by the earthworm Eisenia fetida and for mutagenicity in a rifampicin-sensitive strain of Pseudomonas putida. As much as 80% of the compound could be rendered unavailable to the worms or for genotoxicity. Tests with five alkanes and an oil showed that the extent of reduction in genotoxicity of BaP varied with the identity, viscosity, and hydrophobicity of the NAPL. The magnitude of the decline in availability for genotoxicity differed in tests of three soils. Because little or no BaP was lost from the soil, the diminished bioavailability was not the result of a diminished total concentration of the compound. These findings show that exposure to hydrophobic toxicants can be appreciably altered in soils containing NAPLs.
INTRODUCTION
Hydrophobic pollutants in soils, sediments, and aquifers are present to a large extent in nonaqueous-phase liquids (NAPLs). This is true of constituents of crude oil, gasoline, petroleum products, and organic solvents that have been spilled or that have arisen from leaking storage tanks. Among the compounds that are thus present in these nonaqueous phases are polycyclic aromatic hydrocarbons (PAHs), which are of particular importance because highly potent carcinogens are present among the PAHs that pollute many environments. Assessments of exposure to these carcinogens require knowledge of their bioavailability when present in NAPLs.
Considerable research has been done to assess the bioavailability of NAPL constituents for biodegradation by microorganisms in soil [1, 2] . Less attention has been given to the use of microorganisms as a means of assessing genotoxicity in soil. However, studies have been conducted in liquid systems containing a NAPL suspended in water. Thus, Ma et al. [3] examined a number of means of preparing oils in aqueous slurries for testing mutagenicity with a histidine-requiring mutant of Salmonella typhimurium, and Watson et al. [4] used the same species to determine the mutagenic effects of oils formulated in acetone. Five strains of S. typhimurium and various oil dispersants have been used to evaluate mutagenesis of benzo [a] pyrene (BaP) and benzo [a] anthracene in aqueous systems [5] . The S. typhimurium assay was more recently modified by adding liver microsomes and was used for genotoxicity testing of mineral oils dispersed in water with Tween 80 [6] .
The availability of constituents of NAPLs to invertebrates or higher animals has not been studied extensively. However, it has been reported that polychlorinated biphenyls were rendered less available to the chironomid larva Glyptotendipes * To whom correspondence may be addressed (ma59@cornell.edu).
barpipes in aquatic systems if the compounds were initially present in mineral oil [7] . The availability of PAHs in coal tar to mice has been shown by a study in which it was found that the lungs of mice exposed to soil contaminated with coal tar contained DNA adducts of the PAHs [8] .
Because NAPLs containing carcinogenic and other PAHs are common contaminants of soil and because of the paucity of information on their bioavailability to invertebrates and for genotoxicity, a study was initiated using BaP as the test compound. Measurements were made of assimilation by earthworms and genotoxicity using a solid-phase microbiological assay with Pseudomonas putida A11rUV that grows in soil amended with NAPLs containing BaP. That assay has been described previously by Alexander et al. [9] and used to show that the genotoxicity of BaP sorbed to soil surfaces declines with time without the disappearance of the compound [10] .
MATERIALS AND METHODS

Materials
Benzo[a]pyrene, dimethyl sulfoxide ([DMSO] 99.9% pure), and rifampicin (95% pure) were purchased from Sigma Chemical (St. Louis, MO, USA); 2,6,10,14-tetramethylpentadecane (pristane), 2,2,4,4,6,8,8-heptamethylnonane, n-dodecane, n-tetradecane, and n-hexadecane were obtained from Aldrich Chemical (St. Louis, MO, USA). The purity of all hydrocarbons was greater than 97%. Sentry S19 oil was provided by Citgo Oil (Tulsa, OK, USA). The NAPLs were sterilized by autoclaving, and solutions of BaP dissolved in DMSO or methylene chloride were sterilized by passage through Millex-FG 0.2-m syringe filters (Millipore Products Division, Bedford, MA, USA).
The values for viscosities were obtained from published data [11] and are at a temperature of 22ЊC or, in the case of Sentry 19 (S19) oil at 60ЊC, were provided by Paul McHugh of Citgo Oil.
The soils used, all from New York (USA), were Lima loam site A (7.16% organic C, 21.5% clay, pH 7.2), Lima loam site B (1.51% organic C, pH 7.9), and Madrid loam (3.58% organic C, 13.5% clay, pH 6.3). Portions were air dried and passed through a 2-mm sieve. Five-gram portions were added to 50-ml screw-cap tubes fitted with Teflon liners for genotoxicity testing, and 20-g samples were placed in screw-cap jars (3.5-cm diameter, 8-cm depth) for worm-uptake studies. The soil was moistened with 1.5 ml (tubes) or 6.0 ml (jars) of deionized water and autoclaved twice for 2-h periods with a 1-d interval between the heat treatments. After the soils dried in air, they were shaken on a vortex mixer. They were found to be sterile as indicated by the absence of growth in 48 h when portions were spread on Luria-Bertani agar plates [12] .
Addition of BaP and NAPLs
To determine the effects of 1% (v/w of soil) pristane or S19 oil on bioavailability for genotoxicity, four tubes containing the sterile soil were amended with 0.5 ml of a solution containing 0.5% BaP (w/v) in methylene chloride, 50 l of either NAPL, and 0.4 ml of acetone. For earthworm studies, the soil in the jars received 2.0 ml of this solution. For studies of the effect of 10% pristane or S19 oil, each of four tubes or four jars with sterilized soil received 250 g or 1 mg of BaP dissolved in 50 or 200 l of methylene chloride and 0.5 ml or 2 ml of NAPL, respectively. The soil in four other tubes and four jars received only NAPL or BaP at the same concentrations. The tubes were shaken vigorously for 1 min with a vortex mixer, and the soils in the jars were thoroughly mixed with a spatula. A separate NAPL phase was not evident. The caps were loosened, and the tubes and jars were placed in a fume hood for 24 h and an oven at 50ЊC for 24 h to permit the solvent to evaporate. Under these conditions, NAPL loss is unlikely. The final BaP concentration in all tests was 50 mg BaP/kg soil based on the amount of compound added.
For the studies of mutagenesis in the presence of S19 oil or individual alkanes in differing soils, the BaP was dissolved in DMSO.
Worm uptake
Adult, sexually mature Eisenia fetida were obtained from Connecticut Valley Worm Farm (Enfield, CT, USA) and the worms were cultivated in our laboratory. Developmental maturity was assessed by the presence of a clitellum in the earthworm. The soils were moistened to 80% of field capacity. Groups of five worms were weighed and added to jars containing test soils. The jars were fitted with foam plugs to allow for gas exchange and were weighed. Water was added every other day to replace any lost during the exposure period. The BaP uptake was tested in soils containing 1 or 10% of each of the test NAPLs. Jars with soils that were BaP-and NAPLfree, thus receiving only water, were similarly prepared to check for worm mortality.
At the end of the 14-d exposure period, the worms were removed from the soils and placed on wet filter paper in glass petri dishes for approximately 24 h to allow for depuration. The worms were weighed and ground in a mortar with 20 g of oven-dried Na 2 SO 4 until the samples were homogeneous and dry, and the tissue was transferred to cellulose extraction thimbles.
Genotoxicity assay
Each tube contained 5 g of sterile soil and either 50 mg of BaP/kg or BaP plus 1 or 10% of a NAPL. Tubes containing NAPL but no BaP were also prepared. The samples were shaken on a vortex mixer for 1 min. The soils were moistened to 80% of field capacity with sterile M-9 salts solution [12] , and 50 mg of glucose in 0.1 ml of water and approximately 10 4 cells from a 16-to 18-h culture of P. putida A11rUV suspended in 0.1 ml of a 0.9% NaCl solution were added to each tube. The soils were incubated at 30ЊC for 72 h to permit bacterial growth and for mutant expression to occur.
As previously described [9] , total cell counts were obtained by adding 15 ml of a 0.9% NaCl solution to each tube, serially diluting the slurry, and spreading 0.1 ml of the diluted suspension on duplicate Luria-Bertani agar plates with a glass spreader. The plates were incubated at 30ЊC for 18 to 24 h, and the number of colonies was counted.
The number of rifampicin-resistant (rfp r ) mutants was determined by placing 0.1 ml of diluted soil slurry in tubes containing 2.5 ml of molten agar (0.6% agar and 0.5% NaCl) at 45ЊC. The agar was mixed and poured on solid LuriaBertani agar supplemented with 50 g of rifampicin/ml. To evenly distribute the warm agar, the plates were tilted and gently rotated. Four replicates of each soil sample and four antibiotic-containing plates for each replicate were prepared. The plates were incubated right-side up at 30ЊC for 48 h. The average numbers of spontaneous mutants per gram of soil and mutants resulting from each treatment were calculated. The data were analyzed statistically by performing an analysis of variance.
The NAPLs (at 1 or 10%) containing no PAHs were not toxic, as shown by the same numbers of bacteria in the presence or absence of the NAPLs.
Extraction
The BaP recovery was determined using three tubes containing 5 g of soil, 1 or 10% of the test NAPL, and 50 mg/ kg BaP for each treatment. The soils were extracted for 4 h in a Soxhlet apparatus with 100 ml of n-hexane:acetone (9:1, v/v), and the extracts were concentrated 10-fold in a rotary evaporator (Buchler Instruments, Fort Lee, NJ, USA). The concentrated solutions were analyzed using a gas chromatograph (model HP5890A; Hewlett-Packard, Avondale, PA, USA) fitted with a flame-ionization detector and a 30-m silica capillary column (Hewlett-Packard HP5; diameter, 0.32 mm; film thickness, 0.25 m). The column temperature was maintained at 35ЊC for 5 min, and it was raised at 6ЊC/ min to 310ЊC and then held at that temperature for 20 min. A standard solution of BaP dissolved in n-hexane was also analyzed.
Ground worm tissue (0.46 Ϯ 0.06 g) in the cellulose thimbles was extracted for 4 h in a Soxhlet apparatus with 100 ml of methylene chloride:n-hexane (1:1, v/v). The extracts were evaporated to dryness, and the residues were resuspended in 5 ml of methanol. anol containing 5 g of BaP/ml was the standard. Because prior determinations had shown a linear chromatographic response with BaP concentration at the levels measured, a single point for the standard seemed to be adequate. Gas chromatography was not used for worm analysis because of the presence of constituents interfering in BaP determinations, but it was used for soil analysis because of the ease of processing many samples and the absence of interfering compounds. To determine the efficiency of extraction of earthworm tissue, 50 g of o-terphenyl was added to the ground tissue; after Soxhlet extraction and concentration, the mean recovery of terphenyl was 95%.
RESULTS
The NAPLs had a marked effect on the availability of BaP to earthworms. This was evident even in soil with only 1% NAPL (Table 1) . Thus, the amount of the hydrocarbon that was assimilated fell by 24% in Lima loam A amended with 1% Sentry 19 oil and by 80% if the soil contained 1% pristane. The uptake by the worms declined by approximately three fourths if the soil contained 10% Sentry 19 oil. Increasing the pristane concentration to 10% resulted in a small additional reduction in the amount of BaP assimilated. Three replicates were used for studies with pristane and four were used in the other tests. Within a few minutes of placing the worms in the soil, they burrowed into the soil and remained there throughout the test period, indicating that they did not avoid the NAPLamended soil.
Genotoxicity similarly diminished if the soil contained either of the two NAPLs ( Table 1 ). The induction of mutants was appreciably diminished at 1% of either Sentry 19 oil or pristane, the decline being approximately 40 and 63%, respectively. A further diminution in genotoxic effects was evident at 10% of these NAPLs, and the genotoxicity fell by more than 80%.
A study was conducted to determine if the effect of NAPLs differed among several soils. In this instance, three linear and two branched alkanes in addition to Sentry 19 oil were tested. The NAPLs were added to a final concentration of 1%. The genotoxicity of BaP varied among the soils containing either one of the alkanes or no NAPL ( Table 2 ). The toxicity was highest in Lima loam B amended with pristane or no NAPL but was least in that soil if tetradecane was present. A statistically significant effect at p Ͻ 0.05 of soil type was not evident when Sentry 19 oil was added, but analysis at p Ͻ 0.10 indicated that the number was lowest in Lima loam B. The differences among the soils are noteworthy; thus, the number of mutants in the three soils differed by almost sevenfold in the presence of pristane.
The numbers of rfp r mutants induced by BaP in the presence of all NAPLs were significantly different (p Ͻ0.05) except that the value in Lima loam A containing heptamethylnonane was not significantly different from the values in that soil amended with tetradecane or pristane. As much as a 6.6-fold difference was evident among the NAPLs in Lima loam B (Table 2) . Among the three linear alkanes (dodecane, tetradecane, and hexadecane), the higher the viscosity, the larger is the suppression of mutagenicity. The longer the chain length, the greater the viscosity of the linear hydrocarbons so that an inverse effect is also evident between viscosity of these hydrocarbons and their genotoxic action. The two branched alkanes (heptamethylnonane and pristane) also reduced genotoxicity in Lima loam A, the effect again being greater with the hydrocarbon having a higher viscosity (pristane). Sentry 19 oil, which is a mixture containing many hydrocarbons, similarly was effective in diminishing toxicity.
The correlation between viscosity of the individual alkanes and the availability of BaP for mutagenesis in Lima loam A was determined. The value for Sentry 19 oil was not included because of its complex chemistry. The data are expressed as percentage reduction in the number of rfp r mutants induced by BaP in the presence of NAPLs. Linear regression analysis with the five alkanes gave an r value of 0.807 (Fig. 1) , suggesting a linkage between increasing viscosity and bioavail-Environ. Toxicol. Chem. 22, 2003 A. Quiñones-Rivera et al. ability. No such relationship of viscosity was evident with the two hydrocarbons tested in Madrid loam and Lima loam B (Table 2) , although one NAPL was linear and the other was branched.
The availability of BaP for mutagenesis in Lima loam A also correlated with hydrophobicity. The data again are expressed as percentage reduction in number of mutants induced by BaP in the presence of the NAPLs (Fig. 2) . Linear regression analysis yielded an r value of 0.866. The values for log P of dodecane, tetradecane, and the remaining compounds are those cited by Coates et al. [13] , Hansch and Leo [14] , and Carroquino and Alexander [11] , respectively.
Sterile soil samples containing the same amendments and treated in the same manner as those used for determining bioavailability were extracted to determine the amount of BaP that was present during the exposure period. Recovery in soil amended with Sentry 19 oil could not be determined accurately because constituents of the oil eluted in the gas chromatograms in proximity to BaP. Each tube contained 5 g of soil amended with 1 or 10% of a test NAPL and 50 mg/kg of BaP. Analyses were conducted of triplicate tubes. Approximately 80 to 96% of the compound was recovered from Lima loam A and Madrid loam (Table 3) . Only in Lima loam B amended with pristane was the recovery somewhat lower.
Raoult's law, a simple fugacity model, was used to determine the correlation between bioavailability of BaP and the predicted concentration of the compound in the water phase [15] . The supercooled-liquid solubility (calculated to be 0.52 mol/L for BaP) was used because the model assumes the presence of two liquid phases that behave as an ideal mixture. The predicted BaP concentrations in the water phase in the presence of 1 and 10% pristane and 1 and 10% S19 oil are 3.5, 0.35, 4.1, and 0.41 nmol/L, respectively. The r values for correlating the concentration of BaP in the water phase with number of mutants and with worm uptake are 0.932 and 0.690, respectively, suggesting that partitioning from the NAPL to the water phase is important in determining the bioavailability of BaP. On the other hand, BaP that enters the aqueous phase would be sorbed by the particles of the soil so that interpretation of the correlations is not straightforward.
DISCUSSION
The results demonstrate that the bioavailability of BaP can be markedly reduced by the presence of NAPLs in soil. This was true in assays for both genotoxicity and assimiEffect of NAPLs on bioavailability Environ. Toxicol. Chem. 22, 2003 2603 lation by an invertebrate. These findings are particularly important because many hydrophobic pollutants in soil are present in NAPLs. It has been reported previously that NAPLs may remove a PAH from the aqueous phase, thus reducing its accessibility to microorganisms [16] . Two scenarios should be considered, however. In one instance, the compounds of concern may have been introduced into the soil together with the NAPL; in these circumstances, not all of the compounds would initially be potentially available, but they would still slowly diffuse out of the NAPL into the surrounding microenvironment. In the second instance, compounds in the soil matrix would diffuse into a NAPL, and their availability would thus diminish. The compounds in the soil matrix, on the other hand, may have become sequestered by aging [17] , and they would thus be less likely to be in a form accessible for movement into the nonaqueous liquid. Sequestration thus might be viewed as being associated with two compartments, a NAPL and a soil matrix that is associated with aging. The data show an effect of both the identity and the concentration of NAPL. The differences among the NAPLs bear a relationship to their viscosities if the linear and branched alkanes are considered separately; the more viscous the hydrocarbon, the lower the bioavailability to bring about genotoxic effects. This is not unexpected because diffusivity of BaP is probably inversely related to viscosity. An effect of viscosity on the rate of biodegradation of phenanthrene in soil slurries containing NAPLs has been reported previously [18] , as has an effect of concentration of NAPL on bioavailability of polychlorinated biphenyls to chironomid larvae [7] . The data also show a relationship between bioavailability and hydrophobicity, at least in one soil.
It is evident that the extent to which NAPLs reduce bioavailability varies among soils. The test soils had markedly different concentrations of organic matter, but no consistent influence of organic matter content on NAPL-reduced bioavailability was evident. To reach meaningful correlations, more soils and additional properties need to be evaluated, possibly including porosity, surface area, and amount and type of clay.
The genotoxicity of oils has been tested by a number of investigators using S. typhimurium [3] [4] [5] [6] , but these studies have not involved soil. Measurements have also shown that the bioavailability to microorganisms of constituents of tars aged in soils is very low [19] , and similar results have been reported with individual compounds added in a number of organic liquids [20] . Such studies may be relevant to genotoxicity assays using bacteria because they also are concerned with availability to microorganisms of compounds initially present in NAPLs.
Few studies have dealt specifically with the biological uptake of constituents of NAPLs. It is clear that polychlorinated biphenyls in mineral oil are available to chironomid larvae in aquatic environments [7] , that PAHs can be assimilated from coal tar in soil by mice [8] , and that bacteria can biodegrade hydrophobic compounds initially present in a number of different NAPLs [20] . Moreover, the evidence that oils are toxic to earth worms [21] and plants [22] in soil is a priori evidence of the availability of at least some of their constituents. Attention has also been given to methods to assess ecological effects of gasoline, kerosene, and crude oil in aquatic environments [23] , but the issue of uptake of specific components has been inadequately explored.
Carcinogenic PAHs in polluted soils are frequently present in tars, liquid residues from crude oils and manufactured-gas plants, or other NAPLs. Analysis of soils for the total concentration of these carcinogens gives misleading information about the degree of exposure, either because of sequestration and aging within the soil matrix [10] or, as shown here, within NAPLs. Additional research is thus needed to devise more appropriate means of assessing the actual bioavailability and thus exposure to such important toxicants.
